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MULTIPLE STAGE AND/OR NESTED PREDISTORTION SYSTEM AND 

METHOD 

Background Of the Invention 
5 1. Field of The Invention 

This invention relates to communications, and, more particularly, to a system 
and method for reducing distortion using predistortion. 
2. Description of Related Art 

An ideal power amplifier amplifies an input signal with no waveshape 

10 alteration. The ideal power amplifier is therefore characterized as having a transfer 
function (input signal vs. output signal) which is linear with no transfer function 
discontinuities. In practice, however, a power amplifier has a transfer function with 
nonlinear and "linear" regions. Whether the power amplifier is operating in a linear or 
nonlinear region depends in part on the amplitude of the input signal. For the power 

15 amplifier to achieve as near to linear operation as possible, the power amplifier is 
designed to operate within its linear region given the range of possible input signal 
amplitudes. If the input signaUi as an amplitude which causes the power amplifier to 
operate outside the linear region, the power amplifier introduces nonlinear compone nts 
ordistortion to the signal. When the input signal possesses peak amplitudes which 

20 cause the amplifier to compress, to saturate (no appreciable increase in output 

amplitude with an increase in input amplitude) or to shut-off (no appreciable decrease 
in output amplitude with a decrease in input amplitude), the output signal is clipped or 
distorted in a nonlinear fashion. Generally, an amplifier is characterized as having a 
clipping threshold, and input signals having amplitudes beyond the clipping threshold 

25 are clipped at the amplifier output. In addition to distorting the signal, the clipping or 
nonlinear distortion of the input signal, generates spectral regrowth or adjacent channel 
power (ACP) that can interfere with an adjacent frequency. 

In wireless communications systems, high power amplification of signals for 
transmission are commonly encountered with very large peak to average power ratios 

30 (PAR). For example, in a time division multiple access (TDMA) system, such as - 
Global System for Mobile Communications (GSM) or North American TDMA, when 
multiple carrier signals are combined for amplification with a power amplifier, the 
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resulting PAR is about 9-10 dB for a large number of carriers. In a code division 
multiple access (CDMA) system, a single loaded 1.25 Mhz wide carrier can typically 
have a PAR of 1 1 .3 dB. For orthogonal frequency division multiplexing (OFDM), 
multicarrier signals can have a PAR of up to 20 dB. These signals have to be amplified 

5 fairly linearly to avoid generating ACP. 

Unfortunately, efficiency of the base station amplifier is inversely related to its 
linearity. To achieve a high degree of linearity, the amplifiers are biased to operate in 
the class A or "slight" class AB (meaning class AB operation that is closer to class A 
than to class B). Maximum AC to DC efficiency achievable for class A operation is 

10 50%, whereas that of a class AB amplifier is between 50 and 78.5% (the latter 

representing the maximum efficiency of a class B amplifier). The closer the particular 
class AB operation is to class A, the lower the maximum efficiency. 

Typically, strict linearity requirements in modern wireless communication 
systems dictate the use of the relatively inefficient class A or slight class AB modes. 

15 As a result, significant DC power is dissipated by the amplifiers, th ereby generating 
heat which must be controUerf Jio.avoid-degradir^ and reliability . 

"~ Hence, the use of elaborate heat sinks and fans become a necessary by-product of the 
high linearity system. Naturally, these measures add to the cost, size and weight of the 
base station equipment. As the number of wireless communications users continues to 

20 grow, so do the number of base stations and the need to keep them small, light and 
inexpensive. Thus, a great deal of research has focused on the quest to improve 
amplifier efficiency in these and other systems. 

Various linearization methods are used to enable the use of more cost-effective 
andjnore power efficient amplifiers while maintaining^a ^cceptable level of linearit y. 

25 Feed -forward £or rection i s routinely deployed in modern amplifiers to improve the 
linearity of the main amplifier with various input patterns. The essence of the feed- 
forward correction is to isolatejhe jistort ion generated by the main amplifier on a feed 
forward path. The distortion is provided to a correction amplifier on the feed forward 
path which amplifies the distortion. The distortion on the feed forward path is 

30 combined with the distortion on the main signal path to cancel the distortion on the 
main signal path. Predistortion techniques distort the input signal prior to junplificatton 
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by taking into account the transfer function characteristics for the amplifier. As such, 



the desffed~amplified'signal is achievedTrom the predistorted input signal by 
intentionally distorting the signal before the amplifier, so the non-linearity of the 
amplifier can be compensated. 
5 FIG. 1 shows a general functional block diagram of an adaptive power 

amplifier predistortion system 10. The baseband digital input signal Un on a main signal 
path 12 is input into the predistortion function 14 (A(.)) to produce a predistorted 
output x n where n is the time index. After digital to analog conversion by digital to 
analog (D/A) converter 16, the resulting analog signal is frequency up-converted in an 
10 up-conversion process 18 to radio frequency (RF). The analog RF signals are 
amplified by power amplifier 20 for transmission over the air using antenna 22. A 
'*3 replica of the amplified analog RF signals is coupled off the main signal path 12 onto a 

predistortion feedback path 24. The amplified analog RF signals on the predistortion 
n feedback path 24 are down-converted by a down-conversion process 26. 

15 The down-converted analog signals on the predistortion feedback path 24 are 

provided to an analog to digital (A/D) converter 28 for conversion into the digital 



CO 

i;g domain. The resulting digital signal, which represents the output of the amplifier 20, is 



provided to an amplifier characteristics estimation block 30 along with the digital 
p baseband signal Xn which represents the corresponding input to the amplifier 20. Given 

20 the digital signals x„ prior to amplification and the digital signa^^^^^in^from the 
amplification of the analog and frequency converted versions of the digital signals Xo, 
the amplifier characteristics estimation block 30 can determine the characteristics or 
model function of the amplifier 20. Once the model or characteristics function of the 
amplifier 20 is estimated, a predistortion calculation process 34 determines the 
25 predistortion function as the inverse of the amplifier characteristics function, and the 
predistortion function 14 (A(.)) applied to the input signal u n is updated based on the 
predistortion calculation process 34. 

FIG. 2 is a general block diagram for an adaptive digital predistortion system. 
An amplifier 40 is characterized by a baseband function B(.) with complex inputs and 
30 complex outputs. There are many methods for adaptive digital predistortion which are 
generally divided into two steps as mentioned above. First, an amplifier characteristics 
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estimation block 42 determines the characteristics or model function B(.) of the 
amplifier 20, where proper modeling and parameter estimation based the model 
function is needed. Using input samples Xn and corresponding amplified output 
samples y n » the amplifier characterization estimation block 34 adapts the model for the 
5 amplifier 40 over time. Second, the predistortion calculation process 44 determines 
the predistortion function as the inverse of the model fixnction B(.) and updates the 
predistortion function 46 applied to the digital input signal u n . 

In general, the output y n of the amplifier 40 is a function of input samples 
{xnjXn-i,^ - } and previous output samples {y n .i, y n -2,..}. Let b be the vector of 
10 coefficients for B(.), then the estimation of the amplifier characteristics is obtaining b 
□ from the following equation: 

q b = arg min E [ |B(x n ,x a .i,)Q l .2 v ..yn-i,yn.2,..) -yj 2 ], 

{( where E[.] means expected value and arg min f(.) means the arguments of the function 

f(.) that makes f(.) minimum. In other words, b is the vector of coefficients that 

i y 

i;q 15 minimizes the power of the estimation error, B(.) - y n . The predistortion function A(.) 
j!^ is produced by determining the inverse function of BQ. 

*'B Due to the potential for high peak powers in wireless communications signals, 



I, J CDMA, TDMA and frequency division multiple access (FDMA) base stations typically 

n ' 

|[* use radio frequency (RF) amplifiers operating in class AB mode and biased with a high 

20 current to be able to handle those peak powers. The efficiency of these amplifiers is 
typically less than 10%. This low efficiency leads to higher power consumption, lower 
overall reliability and higher operating temperatures. Accordingly, there is a need for a 
more efficient power amplifier architecture which can amplify signals having potentially 
high peak powers in a linear fashion. 
25 r , 

Summary of the Invention 

The present invention is a multiple stage and/or nested predistortion system and 
method using an inner predistortion function to adjust a signal being input into a 
distortion generating circuit and at least one outer predistortion function to adjust the 
30 signal being input into the inner predistortion function. Thus, the inner predistortion 
function can reduce the distortion from the distortion generating circuitry, and any 
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remaining distortion can be reduced by the outer predistortion function. For example, 
in an adaptive predistortion system where the distortion generating circuit is an 
amplifier, an inner predistortion loop comprises an inner predistortion function which 
distorts the signal on the main signal path prior to the amplifier. The inner 
predistortion function can be produced using an output of the inner predistortion 
function and an output of the amplifier. An outer predistortion loop comprises an 
outer predistortion function which distorts the input signal prior to the inner 
predistortion function. The outer predistortion function can be determined using an 
output to the outer predistortion function and the output to the inner predistortion 
loop. As such, the signal on the signal path is predistorted in multiple stages prior to 
the amplifier to compensate for the distortion generated by the amplification of the 
signal, and the resulting amplified signal is produced with reduced distortion. 

Brief Description of the Drawings 

Other aspects and advantages of the present invention may become apparent 
upon reading the following detailed description and upon reference to the drawings in 
which: 

FIG. 1 shows a general functional block diagram of a typical adaptive power 
amplifier predistortion system; 

FIG, 2 shows a general model of an adaptive power amplifier predistortion 
system; and 

FIG. 3 shows a general functional block diagram for nested predistortion 
circuitry according to principles of the present invention. 

Detailed Description 

An illustrative embodiment of an adaptive predistortion system and method 
according to principles of the present invention is described below which uses nested 
predistortion loops. FIG. 3 shows a nested predistortion system 60 using an inner 
predistortion loop 62 including an inner predistortion function (AinQ) implemented in 
block 63 to distort a signal v n and produce a predistorted signal Xa to a distortion 
generating circuit (B(.)), such as an amplifier 64. Within the inner loop 62 of this 
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embodiment, the output y ft of the amplifier 64 and the output Xn of the inner 
predistortion function block 63 is used by an inner predistortion estimation block 66 to 
produce the inner predistortion function Ai„(.), for example by estimating, determining, 
calibrating, and/or updating the inner predistortion function (Ain(.)). 
5 The nested predistortion circuitry 60 includes at least one outer predistortion 

function loop 68 including at least one outer predistortion function Ao^C). In the 
embodiment shown in FIG. 3, the outer predistortion loop 68 comprises an outer 
predistortion function implemented in block 70 to distort the input signal u n prior to 
the inner predistortion function 63 to produce a predistorted signal v n which is input 
10 into the inner predistortion loop 62. Within the outer predistortion loop 68 of this 
, s . 3 embodiment, the output y tt of the inner predistortion loop 62 and the output v n of the 

*3 outer predistortion function 70 is used by the outer predistortion estimation block 72 

to produce the outer predistortion function A^Q, for example by estimating, 
determining, calibrating, and/or updating the outer predistortion function (A^O). 
J.S 15 Thus, the inner predistortion loop 62 can reduce the non-linearity of the amplifier 64, 
» and any remaining non-linearity can be reduced by the outer predistortion loop 68. 

ijfl Depending on the embodiment, the inner and/or outer predistortion functions 

! *~* can be produced in different ways. For example, the inner predistortion function 63 

p can be produced by the inner predistortion determination block 66 as described above 

20 by first determining the characteristics or model function B(.) of the amplifier 64. 
Using input samples x n and corresponding amplified output samples y^ the amplifier 
characterization function can be adapted over time. Next, the predistortion function 
can be produced as the inverse of the model function B(.), and the predistortion 
function 63 applied to the signal v n is updated. As mentioned above, the output y n of 
25 the amplifier 64 is a function of input samples {x^i^. . . } and previous output 

samples {y n .i, y n -2>..}. Let b be the vector of coefficients for B(), then the estimation 
of the amplifier characteristics is obtaining b from the following equation: 

b = arg min E [ |B(x n9 x n .i 9 x a .2 > ...y ) i.i 9 yii.2,..) -y n | 2 ], 
where E[.] means expected value and arg min f(.) means the arguments of the function 
30 f(.) that makes f(.) minimum. In other words, b is the vector of coefficients that 
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minimizes the power of the estimation error, B(.) - y„. The inner predistortio n 
function A(.) is obtained by determining the inverse function of BQ. 
-"^ The outer predistortion function 70 can be produced by the outer predistortion 
determination block 72 as described above by first determining the characteristics or 
model function (C(.)) of the inner predistortion loop 62. Using input samples v n and 
corresponding amplified output samples y„, the characterization function for the inner 
predistortion loop 62 can be adapted over time. Next, the predistortion function can 
be produced as the inverse of the model function for the inner predistortion loop 62, 
and the predistortion function 70 applied to the signal v n is updated. The output y n of 
the inner predistortion loop 62 is a function of input samples {v„,Vn.i,v n . 2 ...} and 
previous output samples {y„.,, y^,...}. Let c be the vector of coefficients for the 
characterization function of the inner predistortion loop 62, then the estimation of the 
inner predistortion loop characteristics is obtaining c from the following equation: 

c = arg min E [ |C(v n ,v n .i,v lv .2,...yn-i,yi>.2,.) -yn| 2 ], 
where E[.] means expected value and arg min f(.) means the arguments of the function 
f(.) that makes fQ rrunimum. In other words, c is the vector of coefficients that 
minimizes the power of the estimation error, C(.) - y n . The outer predistortion 
function AU.) is obtained by determining the inverse function of C(.). 

In alternative embodiments, additional outer predistortion loops encompassing 
the inner and outer predistortion loops 62 and 68 can treat the encompassed 
predistortion loops as an amplifier for the purposes of characterizing the encompassed 
predistortion loops and/or producing the additional outer predistortion functions as 
would be understood by one of skill in the art with the benefit of this disclosure. 

In alternative embodiments, the inner and/or outer predistortion functions 
implemented in blocks 63 and/or 70 are determined by directly estimating the 
predistortion function using the inputs and outputs to the amplifier (or encompassed 
predistortion loop(s)) without calculating the amplifier (or encompassed predistortion 
loop(s)) characteristics function and its inverse. For example, a sequence of input 
signals {v»} are provided to the inner predistortion function implemented in block 63 
(AinQ) to produce the predistorted signal or the output of the predistortion function Xn 
= AO^Vn) + AUK-,) + A2i„(v n . 2 ) .... The predistorted sequence of signals {x„} is 
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provided to the amplifier 64 for amplification. The amplified signal is produced as a 
sequence {y„} of signals which has the same waveshape as the input signal {v„} since 
Ai„(.) and B(.) are inverse functions. Since Ai„(.) and B(.) are inverse functions, 
sequences {y n } and {x»} can be considered inputs and outputs of the predistortion 
function Ai„(.) respectively. Rather than detennining a model B(.) for the amplifier 64 
and then calculating an inverse function Ai»(.) from the amplifier model B(.), the inner 
predistortion function Ain(.) can be directly estimated at the predistortion function 
estimation block 66 using the actual output x„ of the inner predistortion circuitry or 
block 63 and an expected output of the predistortion block 63 which can be 
determined using an output y„ of the amplifier 64. In this embodiment, the 
predistortion function Ai„(.) can be estimated as described in the following equation. 
Let a be the vector of coefficients for AjnQ, then the estimation of the predistortion 
function is obtaining a from the following equation: 

a = arg min E[|Ai n (y n ,yii-i,yo-2,--» x i>-i» x n-2»-)- | 2 ]. 

To directly determine the outer predistortion function A^Q implemented in 
block 70, the inner loop 62 can be treated as an amplifier with an amplifier 
characteristics function C(.). For example, a sequence of input signals {u„} are 
provided to the outer predistortion function implemented in block 70 (AortO) to 
produce the predistorted signal or the output of the predistortion function v» = 
AOUu.) + AWu^i) + AlaxM -. The predistorted sequence of signals {v„} is 
provided to the inner loop 62 for amplification. The amplified signal is produced as a 
sequence {y„} of signals which has the same waveshape as the input signal {u„} since 
ActQ and C(.) are inverse functions. Since A^Q and C(.) are inverse functions, 
sequences {y n } and {u n } are inputs and outputs of the predistortion function A^Q 
respectively. Rather than deteniiining a model C(.) for the inner loop 62 and then 
calculating an inverse function from the model, the outer predistortion function A^.) 
can be directly estimated at the predistortion function estimation block 72 using the 
actual output v n of the outer predistortion circuitry or block 70 and an expected output 
of the predistortion block 70 which can be determined using an output y» of the inner 
loop 62. In this embodiment, the outer predistortion function A^Q can be estimated 
as described in the following equation. Let a be the vector of coefficients for AoutQ, 
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then the estimation of the predistortion function is obtaining a from the following 
equation: 

a = arg min E[\A 0 vt(y n ynAy*2,---,u n .uU n .2,...)- u n | 2 ]. 
Power amplifiers have memory characteristics depending on signal frequency 
where the output of the amplifier is not only the function of the current input 
but also the function of the past inputs and outputs. Thus, in this embodiment, the 
predistortion model is produced using a current and at least one past sample. As such, 
the predistortion circuitry 60 includes circuitry to retain successive time spaced 
samples of the different signals, and such circuitry can include delays, shift registers, 
buffers, arrays, or other forms of storage or ways of retaining successive time samples. 
In alternative embodiments, the predistortion function can be simply based on a current 
input signal, thereby providing memoryless predistortion. 

As would be understood by one of skill in the art, there are many degrees of 
freedom for choosing the model of the predistortion function, for example using 
different forms of polynomial estimation. The estimation and implementation can be 
made easier by choosing a simple predistortion model. However, if the predistortion 
model is made too general, the estimation and implementation could be difficult. 
Depending on the predistortion model or function(s), the predistortion circuitry 60 can 
be implemented in different ways. For example, the predistortion function estimation 
block(s) 66 and/or 72 and/or the predistortion function block(s) 63 and/or 70 can be 
implemented with processing circuitry which produces the predistortion function and 
applies the predistortion function to the input signal by producing phase and/or 
amplitude adjustment signals to amplitude and/or phase adjusters to distort the input 
signal. Alternatively, the predistortion function estimation block(s) 66 and/or 72 can 
be implemented with processing circuitry which produces the predistortion function 
and updates the predistortion function block(s) 63 and/or 70 which apply the 
predistortion function to the input signal. The predistortion function block(s) 63 
and/or 70 can be implemented using look-up tables, such as field programmable gate 
array look-up tables, which can be updated by the processing circuitry, which produce 
phase and/or amplitude adjustment signals to amplitude and/or phase adjusters to 
distort the input signal based on the signal samples. Combinations of different 
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components, such as mixers, summers and look-up tables, can be used to apply the 
predistortion function on the signal to be predistorted as would be understood by one 
of skill in the art. 

In addition to the embodiment described above, alternative configurations of 
the predistortion system according to the principles of the present invention are 
possible which omit and/or add components and/or use variations or portions of the 
described system. For example, greater than two predistortion functions, stages and/or 
loops can be used to predistort a signal prior to a distortion generating circuit. 
Additionally, the predistortion circuitry or portions thereof can be implemented at 
baseband, intermediate frequency (IF) and/or radio frequency (RF) in the analog and/or 
digital domain or in other amplifier or electrical circuit arrangements. 

The embodiment of the predistortion system has been described in the context 
of an adaptive predistortion architecture to reduce the distortion generated at the 
output of an amplifier, but the predistortion system can be used in a multiple stage 
predistortion system using single or multiple fixed predistortion functions to predistort 
a signal to reduce the distortion generated by any distortion generating circuitry which 
acts on the signal. Depending on the application, the predistortion circuitry can be 
positioned in or in addition to a feed forward or other linearization or efficiency- 
improving techniques. Furthermore, the inner and outer predistortion functions can 
use different models and different predistortion function determination and 
implementation schemes. Moreover, as such, an outer predistortion scheme can be 
implemented around an existing predistortion scheme to provide improved 
performance. The predistortion system has been described as using a particular 
configuration of distinct functional blocks, but it should be understood that the 
predistortion system and portions thereof can be implemented in application specific 
integrated circuits, software-driven processing circuitry, firmware, hardware, discrete 
components or combination(s) or portion(s) thereof as would be understood by one of 
ordinary skill in the art with the benefit of this disclosure. What has been described is 
merely illustrative of the application of the principles of the present invention. Those 
skilled in the art will readily recognize that these and various other modifications, 
arrangements and methods can be made to the present invention without strictly 
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following the exemplary applications illustrated and described herein and without 
departing from the spirit and scope of the present invention. 



